Nonlinear electrostatic interaction between the surface ions of electrochemical nature and ferroelectric dipoles gives rise to the coupled ferroionic states in nanoscale ferroelectrics. Here, we investigated the role of the surface ions formation energy value on the polarization states and polarization reversal mechanisms, domain structure and corresponding phase diagrams of ferroelectric thin films. Using 3D finite elements modeling we analyze the distribution and hysteresis loops of ferroelectric polarization and ionic charge, and dynamics of the domain states.
I. INTRODUCTION
Ferroelectric phase stability requires effective screening of the polarization bound charge at surfaces and interfaces with non-zero normal component of polarization [1, 2, 3] . Traditionally, the theoretical analysis of bulk ferroelectric state assumes either complete screening of polarization by (effective) electrodes, or considers the emergence of the multidomain states as a pathway to minimize depolarization energy [1] [2] [3] . Rapid growth of thin-film applications of ferroelectrics in 90ies necessitated analysis of the microscopic mechanisms active at ferroelectric interfaces, preponderantly effects stemming from non-zero space separation between polarization and screening charges [4, 5, 6, 7, 8] .
These effects are often introduced via the dead layer [2] or physical gap [9] concepts, postulating the presence of the thin non-ferroelectric layer or gap separating ferroelectric and metal and have been shown to agree with ab initio calculations [10, 11] . Because of the long-range nature of the depolarization effects the incomplete surface screening of ferroelectric polarization leads to pronounced finite size effects [12] and nontrivial domain structure dynamics [1] in the presence of thin dead layers and gaps. These in turn causes unusual phenomena near the electrically opened surfaces such as correlated polarization switching, formation of flux-closure domains in multiaxial ferroelectrics [13, 14, 15, 16] , domain wall broadening in uniaxial [17, 18] and multiaxial ferroelectrics [15, 16] . Further examples of these behaviours include the crossover between different screening regimes in ferroelectric films [19, 20] and p-n junctions induced in 2D-semiconductors [21] separated by the ultra-thin gap from the moving domain wall -surface junctions.
However, the dead layer approximation completely ignores many characteristic details of the thermodynamics of screening process. In particular, the stabilization ferroelectric state in ultrathin perovskite films can take place due to the chemical switching (see e.g. [22, 23, 24] ), and the screening via ionic adsorption is intrinsically coupled to the thermodynamic of surface electrochemical processes. This coupling results in non-trivial effects on ferroelectric phase stability and phase diagrams [25, 26] . Similar effects are expected for screening by electrodes with finite density of states [27] . However, the surface state of materials in contact with atmosphere is usually poorly defined, due to the presence of mobile electrochemically active and physically sorbable components in ambient environment [28, 29] . The effect of adsorption of oxygen and hydrogen on the work function, reversible polarization value, dipole moment of the unit cell and free energy of the semiconductor ferroelectrics had been investigated experimentally and theoretically [30, 31, 32, 33] , albeit total volume of research in this area is extremely small. However, no comprehensive or general approaches have been developed.
The early theoretical analyses, though studied the properties of ferroelectric material in detail, typically ignored the nonlinear tunable characteristics of surface screening charges [30 − 33] . A complementary thermodynamic approach was developed by Stephenson and Highland (SH) [25, 26] , who consider an ultrathin film in equilibrium with a chemical environment that supplies ionic species (positive and negative) to compensate its polarization bound charge at the surface. 
In Eq.(1), the kinetic coefficient Γ is defined by phonon relaxation; Equation for the surface charge is analogous to the Langmuir adsorption isotherm used in interfacial electrochemistry for adsorption onto a conducting electrode exposed to ions in a solution [ 43 ] .
To describe the dynamics of surface ions, we use a linear relaxation model for their charge density, at the interface z = 0 in a self-consistent manner [25, 26] :
where e is an elementary charge, i Z is the charge of the surface ions/electrons,
is the saturation densities of the surface ions, at that i ≥ 2 to reach the charge compensation, exc p is the partial pressure of ambient gas relative to atmospheric pressure atm p , i n is the number of surface ions created per gas molecule, 00 i G ∆ is the standard free energy of the surface ion formation at 1 = exc p bar and U = 0.
Schematic step-like dependence of the surface charge density σ0 on the potential ϕ is shown in Fig. 1(b) .
The surface charge is small or zero at 0 = ϕ , and then is abruptly increases for potential values ( ) 
the Langmuir isotherm is the even function of
provided that other parameters correspond to the charge neutrality at zero potential.
Notably, the developed solutions are insensitive to the specific details of the charge compensation process [ 44 ] , and are sensitive only to the thermodynamic parameters of corresponding reactions [ 45 ] .
III. EFFECT OF SURFACE IONS FORMATION ENERGY ON POLARIZATION REVERSAL AND DOMAIN STRUCTURE. FEM RESULS
Using 3D finite element modeling (FEM) we studied the polarization states in the ferro-ionic system.
Following the terminology introduced in Refs. [34 − 36] we classified the possible polar state in the ferro-ionic system based on the free energy minima and hysteresis loops shaping. A general property of the ferroelectric film covered with ions is that it can be in the single-domain (SD) or poly-domain (PD) ferroelectric (FE), ferroionic (FI), antiferroionic (AFI) and ionic non-ferroelectric (NFE) equilibrium states depending on the applied voltage U, temperature T, film thickness h and ion formation energies and negative (c) single-domain ferroelectric (SD-FE) states with dominant "upward" and "downward" polarizations, positive (d) and negative (e) ferroionic (FI) states with almost "upward" and "downward" polarizations; and (f) mixed antiferroionic (AFI) and ionic non-ferroelectric (NFE) state are shown. Polarization distribution corresponding to definite points at the hysteresis loop is shown by insets with upward or downward oriented arrows for a homogeneously polarized film, two upward and downward oriented arrows for a poly-domain state, and empty square for a zero homogeneous polarization.
The FE state is defined as the state with robust ferroelectric hysteresis between at least two (or more) absolutely stable ferroelectric polarizations, which have "positive" or "negative" projection with Fig. 3(a) ( We have further calculated the voltage dependence of the total charge at bottom ( h z = ) and top 
, as well as due to the electric field drop in the ultrathin dielectric gap that "conduct" only the displacement currents. Counter-clockwise path-tracing of ( ) U P loops corresponds to clockwise path-tracing of ( ) On of the conclusive remarks of the section is that Figures 2-4 argue that the boundaries between PD-FE, SD-FE, FI and AFI states is not sharp, similarly to the difference between ferroelectric and pyroelectric states. However we can actually separate them based on the thickness evolution of free energy for polarization, as will be demonstrated below.
IV. FREE ENERGY OF FERRO-IONIC SYSTEM
Here, we develop simplified analytical model to get insight into numerically analyzed behaviors of FI 
, couples the polarization and overpotential as following
and
The energy given by Eq. (3) has an absolute minimum at high Ψ. According to the Biot's variational principle [ 50 ], we can further use the incomplete thermodynamic potential, partial minimization of which over P will give the coupled equations of state, and, at the same time, it has an absolute minimum at finite P values. In Appendix B we derived the P-dependent thermodynamic
, the series expansion of [ ] P F on polarization powers has the form:
Here, the renormalized coefficients are 
( )
The function f in Eqs. (5b) and (5c) is
Because the renormalized coefficients R B and R C are always positive, the potential (5) has a local minimum in dependence on R A sign and effective field strength. The effective field produced by ionic charge has the form:
Since usually h << λ the effective electric field (6) 
The coercive field We further analyze the dependences of the effective field, free energy and polarization states on the ion formation energies, temperature and film thickness. The effective field eff E induced by surface ions was calculated at U=0 as a function of the surface ions formation energies 00 i G ∆ for PZT film thickness h = 10, 50 and 100 nm, as shown in Fig. 3(d) . The contours of constant field delineate the boundary between FI and SD-FE states in 100-nm and 50-nm thick PZT films [see dashed curves in Figs.
3(a) and 3(b)], as well as the field defines the boundary between FI and NFE states in thin 10-nm film
[shown by dashed curves in Fig. 3(c) ], [ 51 ] . This confirms the conjecture that the fields induced by surface ions can polarize thin ferroelectric films and prevent the domain formation for the films of thickness less than critical.
Note that the effective field [see Eq. (7)] is anti-symmetric with respect to G ∆ , namely
. The dependence of ( ) 
h=50 nm h=10 nm ∆G 2 =0 ∆G 2 ≥0.1eV eV and fixed h more than 50 nm, and they transforms into a saddle point with the film thickness decrease [see polarization points in Fig. 9(b) ]. In fact, Figs. 9 argues that the difference between SD-FE and FI states is not sharp, similarly to the difference between ferroelectric and pyroelectric states, but we can actually separate them based on the thickness evolution of free energy for polarization. For thick films there are 2 minima, and they are almost the same as in the bulk. For small thickness we start to see the mergence of the minima and disappearance of corresponding polarization state and so the ferro-ionic system undergoes second order transition with the thickness decrease.
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Free energy The temperature and 00 2 G ∆ dependences of three polarization states for 100-nm film, corresponding to the roots of algebraic equation
for the case of the purely second order
), are shown by red, magenta and blue curves in Fig. 10(a) . Different curves correspond to PZT film thickness h = 10, 25, 50, 100 and 300 nm (as indicated by legends in nm).
Stable polar states [P1 and P2 in Fig. 6(a,b) ] are shown by red and magenta colors. Unstable states [P3 in Fig.   6(a,b) ] existing for h ≥ 50 nm; they are shown by blue colors. The energy = ∆ 00 1 G 1eV, U = 0 and other parameters are the same as in Fig. 3. 
IV. DISCUSSION AND OUTLOOK
We established the role of the surface ions formation energies on the polarization states and its reversal scenarios, domain structure and corresponding phase diagrams of ferroelectric thin films. At that it appeared that the role of the physical gaps on the domain formation and stability is critical. 
can be explained by the dependence of the surface charge density on electric potential, which has the form of Langmuir absorption isotherm.
We further map the analytical theory for 1D system onto an effective Landau-Ginzburg free energy and establish the correspondence between the 3D numerical and 1D analytical results at zero applied voltage. The results argues that the difference between the single domain ferroelectric and different ferroionic states is not sharp, similarly to the difference between ferroelectric and pyroelectric states, and we can actually separate them based on the thickness dependence of ferro-ionic system free energy. For thick films (h ≥ 100 nm) there are 2 minima, and they are almost the same as in the bulk. For small thickness (h < 50 nm) we start to see the mergence of the minima and disappearance of corresponding polarization state. In result the ferro-ionic system undergoes the sort of the second order transition taking place with the thickness h decrease.
This approach allows getting the overview of the phase diagrams of ferro-ionic systems, and exploring the specific features of polarization reversal and domain evolution phenomena. On the other hand many important questions remain for further studies. where ∆ is 3D-Laplace operator is ∆, ⊥ ∆ is 2D-Laplace operator.
Boundary conditions (BCs) to the system (A.1) have the form:
APPENDIX B. FREE ENERGY WITH RENORMALIZED COEFFICIENTS
If we assume that polarization distribution ( )
is smooth enough, the coupled nonlinear algebraic equations for the polarization averaged over film thickness 3 P P = and surface charge density σ are valid [34] [35] [36] [37] :
The overpotential is given by expression ( ) Fig. 1 ).
Next we consider the stationary case when one can put ,
The energy (B.2) has absolute minima at high Ψ values. So, according to the Biot's variational principle, let us find for the incomplete thermodynamic potential, which partial minimization over P will give the equations of state, and, at the same time, it has an absolute minimum at finite P values. For the purpose the first of Eq.(B.1) can be considered as an expression for the overpotential dependence on P, i.e., ( ) Assuming that Electron charge e (C) 1.6×10
−19
Ionization degree of the surface ions Zi (dimensionless) and U=0, and other parameters are listed in Table SI. 
